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(57) ABSTRACT

This invention relates to a vertically aligned mesoporous
silicate film with site-selective metal deposition from a single
polymeric precursor and to diverse catalytic applications
thereof. There is an innovative approach of a single precursor
to manufacture a vertically aligned mesoporous silicate thin
film having high thermal and chemical resistance on a large-
area silicon wafer (2 cmx3 cm). A precisely designed organic-
inorganic block copolymer (BCP) polyethyleneoxide-ss-
polyvinyleyclicsilazane (PEO-ss-PVCSZ) with a disulfide
bridge that is chemically cleavable is newly synthesized as the
single precursor for an oriented silicate nanoporous film, and
using such a precursor, solvent annealing, self-assembling,
block cleaving treatment, and then hydrolysis conversion of a
polymer into a siliceous phase at room temperature are car-
ried out, thus directly forming a mesostructure on the sub-
strate.
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1
VERTICALLY ALIGNED MESOPOROUS
THIN FILM, METHOD OF
MANUFACTURING THE SAME, AND
CATALYTIC APPLICATION THEREOF

TECHNICAL FIELD

The present invention relates to a vertically aligned meso-
porous thin film and a method of manufacturing the same, and
more particularly, to a vertically aligned mesoporous silicate
film with site-selective metal deposition from a single poly-
meric precursor, and to a method of manufacturing the same
and diverse catalytic applications thereof.

BACKGROUND ART

Compared to unstable organic mesostructured materials,
3D inorganic materials at the nano-scale may be sculpted by
the cooperative interactions of large organic molecules and
soluble inorganic precursors, which give birth to a variety of
durable mesostructured materials. In particular, silica, silicate
and metal oxide are mesostructured materials which have
been researched widely via various sol-gel chemical pro-
cesses. Silica-based mesostructures are typically granular or
powder types of products that have been synthesized from the
co-assembly of binary organic-inorganic mixtures such as
tetraethylorthosilicate (TEOS), structural directing agents
such as surfactants, and amphiphilic block copolymer (BCP).
Serial processes of solvent evaporation, subsequent treatment
such as surface reconstruction, calcination, and in some cases
thermal & high pressure treatment, always involve severe
volume shrinkage.

Hence, one of the critical issues in silica-based mesostruc-
tures is orientation of pores and morphology in a continuous
thin film on substrates. However, the pores aligned along the
substrate plane are less suitable for the easy accessibility of
analytes into the substrate which is necessary for separation
and catalytic applications. Thus, many material scientists
have endeavored to manufacture vertically oriented hexago-
nal mesoporous thin films because of their tremendous appli-
cability in the fields of catalysis, optics, biosensors and bimo-
lecular separation. The conventional approaches using binary
mixtures of inorganic precursors and templates are problem-
atic with inevitable catastrophic cracks or failure, because the
thermal treatment step at the end of the process always
induces severe residual stress due to large volume shrinkage.
Recently, some unique approaches have been reported for
vertically aligned mesoporous silica thin films on substrates,
which include nano-scale epitaxial growth on repatterned
surfaces, electrochemically induced self-assembly on con-
ductive surfaces, and magnetic field assisted orientation at the
small scale. However, such complicated methods being
researched are limited in practical applications on large areas
under precedent conditions. To date, the development of an
accommodating method to form the robust silica-based
porous films with lateral orientation on large and ordinary
substrates still remains a challenging issue.

Furthermore, various nanoporous materials have been used
as catalytic supports. Typically, it is known that catalyst com-
ponents are selectively supported into pores or on the inner
surface of pores; it enables the prevention of cohesion
between catalyst particles, and also significantly reduces
detachment of catalyst particles from the support. Then, the
durability of a catalytic system is expected to be robust in the
proceeding catalytic reaction under various conditions. In
particular, ultra-fine gold particles, very mobile and large
surface energies, tend to sinter easily at an elevated tempera-
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ture. The sintering cohesion is undesirable inasmuch as the

catalytic activity of gold tends to fall off as its particle size

increases. Thus, there is a need to develop methods of depos-
iting and immobilizing gold nanoparticles on a suitable sup-
port in a uniformly dispersed state.
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DISCLOSURE
Technical Problem

Accordingly, the present invention has been made keeping
in mind the above problems encountered in the related art, and
anobject of the present invention is to provide a novel method
of manufacturing a vertically aligned mesoporous thin film.

Another object of the present invention is to provide a
novel functional thin film in which mesopores are vertically
aligned side by side.

Still another object of the present invention is to provide a
microreactor and a catalyst in which mesopores are vertically
aligned side by side.

Still another object of the present invention is to provide a
method of preparing a catalyst in which mesopores are verti-
cally aligned side by side.

Still another object of the present invention is to provide
novel use of a thin film in which mesopores are vertically
aligned side by side.

Still another object of the present invention is to provide a
vertically aligned mesoporous silicate film with a single poly-
mer structure, and a method of manufacturing the same.
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Still another object of the present invention is to provide a
film in which a metal is site-selectively deposited on a verti-
cally aligned mesoporous silicate film, and a method of
manufacturing the same.

Still another object of the present invention is to provide
use of, as a catalyst, a film in which a metal is site-selectively
deposited on a vertically aligned mesoporous silicate film.

Still another object of the present invention is to provide a
microreactor using a film in which a metal is site-selectively
deposited on a vertically aligned mesoporous silicate film.

Technical Solution

In order to accomplish the above objects, the present inven-
tion provides a method of manufacturing a mesoporous
ceramic thin film, comprising self-assembling a block
copolymer including at least one inorganic block which is
linked by a disulfide bridge and is converted into a ceramic,
cleaving the disulfide bridge to remove a portion of the block
copolymer other than the inorganic block, and converting the
inorganic block into a ceramic phase.

Although not being theoretically limited, the disulfide
bridge enables the formation of —SH group in the mesopores
upon cleaving, and the —SH group of the mesopores is
coupled with metal nanoparticles to prevent efficiency of the
metal nanoparticles from decreasing due to sintering at high
temperature.

In the present invention, examples of the inorganic block
which may be converted into a ceramic include, as disclosed
in Korean Patent Application No. 2010-115529 which is
hereby incorporated by reference in its entirety into this appli-
cation, a polycarbosilane block, a polysilazane block, a
polyborazine block, a polysilsessiloxane block, an allylper-
hydropolycarbosilane block, a polyvinylsilazane block, a
polyvinyleyclicsilazane block, polysilane (—(R,Si)n-), pol-
ysiloxane (—(R,SiO)n-), aluminum amide (—AINR-)n),
poly titanium imide (—Ti(NR,)—), etc., wherein R is C1~8
alkyl.

Inthe present invention, particularly useful as the inorganic
block which may be converted into a ceramic phase is a
polyvinyleyclicsilazane (PVCSZ) block which may be con-
verted into a siliceous phase at a high conversion at low
temperature via a process such as hydrolysis or the like.

In the present invention, the block copolymer may be an
organic-inorganic diblock copolymer which is linked by the
disulfide bridge able to generate phase separation via self-
assembly. The organic block may be used without limitation
so long as it is phase separated in the form of mesopores via
self-assembly, and examples thereof may include a polyeth-
yleneoxide (PEO) block, a polystyrene block, a polystyrene
block wherein hydrogen of a benzene ring is substituted with
—SO;H, polymethylmethacrylate, etc. Preferably useful is a
polyethyleneoxide block.

In a preferred embodiment of the present invention, the
block copolymer is a polyethyleneoxide-ss-polyvinylcyclic-
silazane (PEO-ss-PVCSZ) block copolymer. In a preferred
embodiment of the present invention, the PEO-ss-PVCSZ
block copolymer has a volume fraction of 0.6~0.8, preferably
0.65~0.75, and more preferably about 0.7 so as to form a
hexagonal structure wherein the organic block is vertically
arranged on a substrate. The organic block has a molecular
weight (Mn) of about 15~20 kg/mol with a polydispersity of
about 1.1~1.3, and the inorganic block has a Mn of 12~13
kg/mol with a polydispersity of about 1.2.

In an embodiment of the present invention, the block
copolymer may be annealed with a solvent at room tempera-
ture so as to improve the degree of phase separation. The
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self-assembled thin film may be stabilized or cured before
removal of the organic block, and preferably the inorganic
block is selectively stabilized or cured. UV may be applied so
as to cure polyvinylcyclicsilazane.

In the present invention, the disulfide bridge may be
cleaved using a known process to remove PEO, and for
example, a dithiothreitol (DTT) solution may be used.

In the present invention, converting the inorganic block
into the ceramic phase may be performed at high temperature
or low temperature. Preferably, in the case of a polyvinylcy-
clicsilazane thin film, it may be converted into a silicate phase
at low temperature using hydrolysis.

An aspect of the present invention provides a method of
manufacturing a mesoporous thin film, comprising self-as-
sembling a block copolymer including at least one inorganic
block which is linked by a disulfide bridge and is converted
into a ceramic and an organic block so that vertical cylinders
2~50 nm thick are formed by the organic block, and cleaving
the disulfide bridge to remove the organic block, thus forming
mesopores.

In addition, an aspect of the present invention provides a
method of manufacturing a mesoporous ceramic thin film,
comprising preparing an inorganic polymer thin film in which
mesopores are vertically aligned side by side and a thiol group
is formed in the mesopores, and converting the inorganic
polymer thin film into a ceramic phase.

In the present invention, the inorganic polymer thin film is
a thin film in which the —SH functional group is formed in
the mesopores and which is may be converted into a ceramic
phase, and examples thereof may include thin films of poly-
carbosilane, polysilazane, polyborazine, polysilsessiloxane,
allylperhydropolycarbosilane, polyvinylsilazane, polyvinyl-
cyclicsilazane, polysilane (—(R,Si)n-), polysiloxane
(—(R,Si0)n-), aluminum amide (—AINR-)n), and poly tita-
nium imide (—Ti(NR,)—).

In addition, an aspect of the present invention provides a
mesoporous thin film in which mesopores having a thiol
group therein are vertically aligned side by side.

In the present invention, the thin film may be formed to
have a large area of 4 cm® or more on a non-conductive
substrate such as a silicon wafer, and preferably has a thick-
ness of about 30 nm or less so as to be provided in the form of
vertical cylinders aligned side by side via self-assembly.

In addition, an aspect of the present invention provides a
mesoporous thin film in which a metal is supported on the
inside of mesopores vertically aligned side by side.

In the present invention, the mesoporous thin film is a
silicate thin film, and the metal is in the form of particles
having a size of 1~10 nm and is supported on the inside of the
mesopores. Although not being theoretically limited, a metal
is supported via the reaction with the —SH group and is thus
stable to sintering due to flow at high temperature.

In addition, an aspect of the present invention provides a
reactive thin film in which a metal active component is sup-
ported on a ceramic thin film having mesopores vertically
aligned side by side. In the present invention, the reactive thin
film may be effectively utilized in a microchannel fluid reac-
tor, etc., and prevents cohesion of the supported metal due to
sintering, thus increasing reaction efficiency.

In addition, an aspect of the present invention provides a
microchannel reactor, comprising a substrate, a catalytic
reaction active layer which is formed on at least one surface of
the substrate and in which an active component is supported
on a ceramic thin film having mesopores vertically aligned
side by side, and a microchannel formed on the catalytic
reaction active layer.
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In one embodiment of the present invention, the catalytic
reaction is epoxidation of an olefin using gold. In another
embodiment of the present invention, the catalytic reaction is
hydrogenation of an acid compound using gold. In still
another embodiment of the present invention, the catalytic
reaction is selective hydration of an aromatic nitrile com-
pound into an amide compound using silver. In yet another
embodiment of the present invention, the catalytic reaction is
a Suzuki coupling reaction using palladium.

In addition, an aspect of the present invention provides a
method of manufacturing a catalytic reactive thin film, com-
prising supporting a metal active component on a ceramic
thin film in which mesopores having a—SH group therein are
vertically aligned side by side.

In addition, an aspect of the present invention provides an
organic-inorganic diblock copolymer linked by a disulfide
bridge (-ss-) and a method of preparing the same. The
organic-inorganic diblock copolymer linked by the disulfide
bridge (-ss-) is a polyethyleneoxide-ss-polyvinyleyclicsila-
zane block copolymer.

Advantageous Effects

According to the present invention, a vertically aligned and
thiol functionalized mesoporous silicate thin film and a
method of manufacturing the same via hydrolysis using a new
organic-inorganic diblock copolymer at room temperature,
are provided.

A PEO-ss-PVCSZ BCP linked by a disulfide, rather than
conventional binary mixtures, is used as a single precursor to
prepare a self-assembled and vertically aligned mesoporous
silicate with —SH functionality via simple solvent annealing
and cleavage processes.

The self-assembled BCP disclosed herein can be formed
on conductive and non-conductive substrates in large areas,
with the chemical and thermal stability of the hexagonal and
vertical morphology, and the pore diameter and the distance
(d-spacing) between the pores can be changed by adjusting
the molecular weight of PEO and PVCSZ. The hydrolyzed
silicate structure is stable up to 250° C. under air as well as
700° C. under nitrogen flow without any major structural
deformation, and this thermally stable mesostructure can also
be utilized as nano-sieves and nano-templates.

Also, the thin film of the present invention is proven by
selectively immobilizing or decorating metal particles inside
the nanopores, and can be applied in the field of heteroge-
neous catalysis using a microchannel chemical system.

The functionalized silicate thin film having a variety of
applications according to the present invention can also be
useful in biosensors and biomolecular separation with
nanowells on conductive substrates, adjustment of dielectric
constant, and control of material transfer through the film.

DESCRIPTION OF DRAWINGS

FIG. 1 schematically illustrates the manufacture of a selec-
tively metal decorated and vertically aligned mesoporous
silicate thin film using a PEO-ss-PVCSZ block copolymer,
including chemical conversion of a polymer into a silicate
ceramic phase;

FIGS. 2A to 2F illustrate grazing incidence small-angle
x-ray scattering (GISAXS) patterns, height mode atomic
force microscopy (AFM) images and corresponding line pro-
files, wherein FIGS. 2A and 2D show PEO-ss-PVCSZ self-
assembled via solvent annealing for 5 hr, FIGS. 2B and 2E
show thiol functionalized mesoporous PVCSZ polymer thin
films after removal of PEO block via DTT treatment for 10 hr,
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and FIGS. 2C and 2F show thiol functionalized mesoporous
silicate thin films after ammonia vapor treatment for 5 hr, the
insets being the AFM images after corresponding Fourier
transformation;

FIG. 3 illustrates a gel permeation chromatography (GPC)
chromatogram of as-synthesized PEO-ss-PVCSZ block
copolymer and PVCSZ-SH after removal of PEO block via
DTT treatment;

FIG. 4 illustrates the results of measurement of surface
components using X-ray photoelectron spectroscopy (XPS)
after chemical conversion of a polymer to a silicate phase
using hydrolysis at different ammonia exposure times;

FIGS. 5A, 5B and 5C illustrate GISAXS patterns of silver
(Ag) decorated, palladium (Pd) decorated and gold (Au)
decorated, respectively, afterimmobilization of metal into the
mesoporous silicate thin film from the PEO-ss-PVCSZ block
copolymer;

FIG. 6 illustrates high-resolution scanning electron
microscopy (SEM) images of the mesoporous silicate thin
film after PEO etching and hydrolysis of the PEO-ss-PVCSZ
block copolymer (inset scale bar 200 nm);

FIGS. 7A, 7B and 7C illustrate '"H NMR spectra of a
PVCSZ oligomer, a PEO-ss-PVCSZ diblock copolymer and
PVCSZ-SH after DTT treatment, respectively;

FIGS. 8A, 8B and 8C illustrate FT-IR spectra of PEO-ss-
PVCSZ, PVSCZ-SH after DTT treatment and PVSCZ-SH
after ammonia treatment, respectively;

FIGS. 9A to 9D illustrate transmission electron micros-
copy (TEM) images of a mesoporous PVCSZ-SH film after
cleavage of the PEO block (FIG. 9A), and metal decorated
nanoporous silicate films using gold (FIG. 9B), silver (FIG.
9C), and palladium (FIG. 9D);

FIG. 10 illustrates X-ray diffraction (XRD) patterns of a
gold decorated nanoporous silicate film (PVCSZ-SH—Au)
and a metal unloaded silicate film (PVCSZ-SH) on a silicon
wafer;

FIG. 11 illustrates XRD patterns of a silver decorated nan-
oporous silicate film (PVCSZ-SH—Ag), a palladium deco-
rated silicate film (PVCSZ-SH—Pd) and a silicate film
(PVCSZ-SH) having no metal, on the silicon wafer;

FIG. 12 schematically illustrates the manufacture of a
fixed-bed microreactor having Au bonded thereto on the
mesoporous silicate thin film, and a plain microreactor;

FIGS. 13A to 13D illustrate AFM images of vertically
aligned mesoporous silicate thin films after exposure under
various thermal conditions, that is, 700° C. for 1 hr under
nitrogen flow (FIG.13A), 800° C. for 1 hr under nitrogen flow
(FIG.13B), 250° C. for 1 hrunder air (FIG. 13C), and 300° C.
for hr under air (FIG. 13D);

FIGS. 14A and 14B illustrate a top view and a cross-
sectional view, respectively, of a high-resolution SEM image
of PS-b-PVCSZ having no disulfide bridge after pyrolysis at
900° C. under nitrogen flow; and

FIG. 15 illustrates the GISAXS intensity patterns of the
mesoporous thin films at a variety of stages: self-assembled
PEO-ss-PVCSZ, PVCSZ-SH after DTT treatment, and gold
supported silicate thin film after hydrolysis.

MODE FOR INVENTION

A better understanding of the present invention may be
obtained through the following examples which are set forth
to illustrate, but are not to be construed as the limit of the
present invention.

Manufacture of Thin Film

A vertically aligned mesoporous silicate thin film having
high thermal and chemical resistance was manufactured
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using a single precursor on a large-area Si wafer (2 cmx3 cm).
As the single precursor, a precisely designed organic-inor-
ganic block copolymer (BCP) polyethyleneoxide-ss-polyvi-
nylcyclicsilazane (PEO-ss-PVCSZ) with a disulfide bridge
that was chemically cleavable was newly synthesized. Using
such a precursor, solvent annealing, self-assembling, block
cleaving treatment, and then hydrolysis conversion of a poly-
mer into a siliceous phase at room temperature were carried
out, thus directly forming a mesostructure on the substrate.
The —SH functionalized inner walls of the mesopores of the
mesostructure were decorated with any metal such as gold,
palladium and silver using a site-selective process.

Even when the manufactured mesostructure was thermally
and chemically exposed under severe conditions, it exhibited
durability as a heterogeneous catalyst in a microfluidic
chemical reaction, and was usable in control of material trans-
fer through the film, adjustment of dielectric constant, bio-
chemical separation, and sensors.

A block (polyvinylcyclicsilazane (PVCSZ)) having a sili-
con-nitrogen backbone was adopted as the precursor of a
silicate material, and converted into silicon carbonitride
(SiC,N,) or a silicate-based ceramic phase at a high ceramic
conversion under various treatment conditions such as high
temperature pyrolysis or room temperature hydrolysis.

PEO-ss-PVCSZ was synthesized via a reversible addition
fragmentation chain transfer (RAFT) process using a PEO
macroinitiator having a disulfide bond (Scheme 1).

The PEO-based macroinitiator (Mn: 5.0 kg/mol) was syn-
thesized as in cited references 18 and 19 which are incorpo-
rated herein. Polymerization of PVCSZ using the PEO mac-
roinitiator resulted in an organic-inorganic BCP having a
controlled molecular weight (Mn: 17.6 kg/mol) and a poly-
dispersity of 1.18 (measured by GPC), and the volume frac-
tion of the inorganic block (Mn: 12.6 kg/mol PDI: 1.2) was
controlled to about 0.7 to form a hexagonal structure.

'H NMR spectrum was used to identify the detailed chemi-
cal structure of the synthesized PEO-ss-PVCSZ. The signals
at 8=5.6~6.2 ppm and 6=4.3~4.6 ppm corresponded to a vinyl
group and Si—H of the PVCSZ block, respectively, and the
peak at 8=3.4~3.7 ppm corresponded to the proton group of
the PEO block. Compared to initial PVCSZ, the integral ratio
(vinyl/Si—H) of the PEO-ss-PVCSZ BCP was decreased
from 0.73 to 0.50.

In order to identify micro phase separation of the synthe-
sized BCP, a film 30 nm thick was synthesized on a silicon
substrate using a BCP solution in 0.4% benzene. The film was
annealed for 4 hr in a saturated benzene vapor atmosphere and
in a water vapor atmosphere for additional 1 hr.

The self-assembled BCP thin film was exposed to water
vapor or a relative humidity (RH) of 65% or more to effi-
ciently orient the hydrophilic PEO block, thus improving
hexagonal packing. The self-assembled thin film was
exposed to UV for 30 min, so that the vinyl group that was not
reacted in the PVCSZ block was crosslinked.

In order to measure morphology of the nanostructured film
after solvent annealing, GISAXS (Grazing incidence small-
angle x-ray scattering) was used.

The organization of the cylindrical PEO microdomains
oriented in the 2D hexagonal structure represented the pres-
ence of two peculiar diffraction rods as illustrated in FIGS.
2A to 2F. An elongation in the vertical direction showed that
the cylindrical microdomains were oriented perpendicularly
to the surface with a similar trend on the entire irradiated
surface.

The morphology of the self-assembled surface was
observed using an atomic force microscope (AFM). The
results are shown in FIG. 2D. In agreement with the results of
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GISAXS, the corresponding Fourier transformation of the
AFM image in the inset represented the orientation in a wide
range and the features of hexagonal packing.

The synthesized BCP PEO-ss-PVCSZ was treated with a
0.1 M DTT solution in acetonitrile in order to cleave the
disulfide bond under mild conditions. The cleavage of the
PVCSZ-SH block was confirmed using a dialysis membrane
with 10 K molecular weight cutoff. The thiol functionalized
PVCSZ block was analyzed by 'H NMR, GPC and FT-IR.
GPC analysis confirmed the clean cleavage and removal of
the PEO block (FIG. 3), and 'H NMR showed disappearance
of PEO corresponding signal at =3.4~3.7 ppm indicative of
the removal of the block.

Finally, the self-assembled PEO-ss-PVCSZ thin films
were immersed in a 0.1 M DTT solution in ethanol for 10 hr
after UV stabilization, and the remaining PEO was washed
off with ethanol in the inorganic PVCSZ-SH block on the
surface to give the thiol functionalized nanoporous film.

The removal of the PEO block from the manufactured thin
film was confirmed using FT-IR spectrum. In the PEO block,
peaks corresponding to O—C—O stretching and CH, (rock-
ing) modes disappeared after DTT treatment.

The AFM image of the manufactured nanoporous thin film
showed that the highly oriented surface was preserved after
PEO cleavage, and the GISAXS pattern (FIG. 2B) of the
nanoporous film exhibited a similar morphology together
with an increase in intensity of the rods by a factor 10 and the
appearance of visible harmonics in q,, direction. The stronger
signal than in the PVCSZ-PEO was caused by an increase in
electrical contrast between two phases, which obviously
shows the removal of the PEO block.

As shown in the AFM and SEM images, the average pore
diameter was about 20 nm, and the thickness was 9~10 nm.

The thickness of the film was adjusted up to 50 nm on the
conductive and non-conductive surfaces, and a film about 30
nm thick was more suitable for removal of the PEO block.
Self-assembly on a thicker thin film required additional driv-
ing force such as surface neutralization, external electricity or
magnetic field. The efficiently oriented mesoporous film may
be used as a master of nanoimprint lithography to replicate
fine structures on a large surface or as a data storage device in
nanoelectronic applications.

A process of manufacturing a mesoporous silicate thin film
which is vertically aligned and functionalized via simple
phase conversion is illustrated in FIG. 1.

The thiol functionalized mesoporous thin films were
exposed at different time intervals at room temperature in an
aqueous ammonia atmosphere, and samples were observed
using FT-IR spectrum. After 5 hr, Si—H (2150 cm™) and
N—H (3400 cm™') absorption peaks completely disap-
peared, and new broad peaks corresponding to Si—O—Si
asymmetric stretching at 1200 cm ™" and 1080 cm ™" appeared.

The hydrolyzed thin film was observed at different ammo-
nia treatment times using XPS (X-ray photoelectron spectros-
copy), from which complete conversion of the inorganic
block into a silicate form (SiO,C,) in an ammonia atmosphere
was confirmed.

Depending on an increase in the exposure time, the oxygen
concentration increased (4.5 to 35.6%), and the nitrogen con-
centration decreased (24.2 to 0.1%). The phase conversion
process was active for initial 3 hr, and was almost completed
at 5 hr.

As seen in FIGS. 2C and 2F showing the results of
GISAXS and AFM image after hydrolysis, there was only
slight change in the mesoporous structure and orientation
during hydrolysis in a basic solution, which verified high



US 9,272,273 B2

11

chemical and mechanical robustness of the manufactured
silicate nanoporous thin film, unlike the fragile sol-gel net-
work.

Also, the hydrolyzed silicate structure was stable under air
up to 250° C., and was stable up to 700° C. under nitrogen
flow without any major structural deformation.

The hydrolyzed silicate thin film was immersed in a metal
precursor solution such as HAuCl, (in ethanol), AgNO, (in
water) and Pd(OAc), (in ethanol), and the metal ions were
immobilized on the surface of the thiol group and reduced by
hydrazine.

The metal supported thin films were investigated using
GISAXS, and the lattice constants and intensities of these
films were found to be consistent with those of metal
unloaded films. The presence of metal particles was con-
firmed using TEM.

The reduced metal nanoparticles were selectively immo-
bilized in nanowells. The size of the metal nanoparticles in the
nanowells was measured to be about 2~3 nm via XRD analy-
sis.

Application of Thin Film

As an example, a fixed-bed microreactor was manufac-
tured using a mesoporous silicate thin film in which metal
nanoparticles were site-selectively immobilized on the inner
walls of mesopores, and various heterogeneous catalytic
reactions were carried out using the reactor.

As a comparative example, a plain microreactor was manu-
factured using a thin film in which metal nanoparticles were
randomly deposited on a —SH terminated PVCSZ
homopolymer film, and various heterogeneous catalytic reac-
tions were carried out using the reactor.

The —SH terminated homopolymer was prepared via a
nucleophilic cleavage reaction using N-ethylpiperidine
hydrophosphite at room temperature for 12 hr, and PVCSZ
was modified with a dithiocarbamate compound using a
RAFT process to form a thiol group at the terminal thereof.
The solvent/chemical resistance of the thin film morphology
was evaluated via AFM analysis after immersion of the film in
various solvents for several hours.

Catalytic Epoxidation

In Table 1, a fixed-bed microreactor had superior perfor-
mance in terms of styrene oxide to that of a plain microreac-
tor, and exhibited a selectivity of about 75% and a conversion
of'about 93% at an elevated temperature (80° C.) for a reac-
tion time of 10 min.

In order to manifest thermal stability of a catalytic system
using gold, a gold supported mesostructured silicate film was
annealed at 250° C. in an air atmosphere, after which the
identical reactions were carried out under the same condi-
tions. Annealing had no influence on the conversion and the
selectivity (Tables 1 and 2). This result indicates the confine-
ment of gold in the silicate nanopores is effective at prevent-
ing undesirable aggregation between metal nanoparticles.

Reduction of Levulinic Acid into Valerolactone

Using in-situ generated hydrogen gas, levulinic acid was
subjected to reductive conversion into valerolactone at a high
temperature up to 140° C. This reaction process is an impor-
tant biomass conversion process which produces a versatile
intermediate compound.

The reaction efficiency in the plain microreactor was about
70~78% due to the aggregation of metal particles. However,
the silicate thin film fixed-bed microreactor decorated with
Au nanoparticles exhibited very improved performance
approximating to 98.0% for short reaction time (<7 min) as
summarized in FIGS. 2A to 2F.
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Decomposition of Formic Acid and Production of Hydro-
gen

The turnover frequency of the fixed-bed microreactor was
about 20823 hr™! at a reaction time of 7 min. However, the
plain microreactor represented 11249 hr™!.

Furthermore, there was only slight deviation in the product
yields during repeated reactions for 10 hr, and no catalyst was
leached at high temperature.

Synthesis of PEO-Ss-PVCSZ BCP

In a clean and dried Schlenk tube, a mixture comprising a
PEO-RAFT macroinitiator (1.0 g, 0.2 mmol), PVCSZ (poly-
vinylcyclicsilazane, KiON VL.20) (3.5 g, 13.3 mmol), and
AIBN (azobisisobutyronitrile) (5 mg, 0.036 mmol) was
placed under flow of argon gas, and the mixture was diluted
with 2 ml of dry benzene, and degassed by performing three
freeze-pump-thaw cycles. The reaction mixture was sealed
and heated in an oil bath at 90° C. for 15 hr. The reaction
temperature is regarded as important because higher tempera-
ture leads to crosslinkage or gel. The obtained reaction mix-
ture was cooled to room temperature, diluted with 5 ml of
dichloromethane, and precipitated in n-hexane, thus forming
a PEO-ss-PVCSZ diblock copolymer as a yellow solid. The
block copolymer was dissolved in 50 ml of acetonitrile, and
transferred into a cellulose dialysis membrane (10 k molecu-
lar weight cutoff), and dialysis continued for 24 hr to remove
an unreacted PEO homopolymer. Finally, the polymer solu-
tion was concentrated at room temperature, yielding a solid
polymer (yield: ~20%).

Manufacture of Thin Film and Self-Assembling of BCP

PEO-ss-PVCSZ BCP was dissolved in anhydrous benzene
to prepare a 0.4% solution, which was then applied on a
silicon or indium tin oxide wafer at 2000 rpm for 30 sec using
spin coating. Subsequently, the thin film was annealed in a
closed vessel under a saturated benzene atmosphere for 4 hr
and then under moisture (RH-65%) for 1 hr at room tempera-
ture. The self-assembled thin film was exposed to UV light for
30 min and thus stabilized or cured. To cleave the PEO block,
the thin film was immersed in a 0.1 M DTT (dithiothreitol)
solution in reagent grade ethanol for 10 hr and then rinsed
with ethanol.

Conversion of Self-Assembled PVCSZ-SH Nanopore
Array into Silicate Phase

About 10 ml of 30% aqueous ammonia was stored in an air
tight vessel, and the thin film was suspended within 5 hr. A set
of experiments were implemented to check the hydrolyzed
sample at different intervals by XPS and FT-IR.

Metal Decoration in Pore

A nanoporous film was immersed in a 1 wt % metal pre-
cursor solution such as HAuCl, (in ethanol), AgNO; (in
water) and Pd(OAc), (in ethanol) for 1 hr, and then rinsed
with water. Thereafter, the metal precursor was immersed in
a 1% hydrazine aqueous solution and thus reduced, and then
rinsed with water.

Reaction Using Heterogeneous Microreactor

Reactions were carried out by means of the fixed-bed
microreactor using self-assembled gold nanoparticles, and
the plain microreactor having randomly supported gold nano-
particles. Each reaction was performed in two microreactors
with the same feedstock.

For styrene oxidation, a stock solution of styrene (1 mmol)
and ter-BuOOH (2 mmol) in toluene was fed at different flow
rates using a syringe pump via the fixed-bed microreactor and
the plain microreactor.

For hydrogenation of luvelunic acid (LA), a stock solution
was prepared by mixing LA (10 mmol) and formic acid (10
mmol) in a DMF solvent, and reacted at different tempera-
tures. The catalytic activity was evaluated by feeding the
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stock solution using a HPL.C pump (back pressure regulator at
flow rates 5.0 pl/min). The product was analyzed via gas
chromatography (GC/MS, Agilent 5975 GC/MSD system)
using n-dodecane as an internal standard.

Manufacture of Fixed-Bed Reactor:

A PDMS resin and a curing agent (Sylgard 184, DowCorn-
ing) were mixed at a ratio of 10:1, poured onto a Si master
having predetermined SU-8 photoresist patterned channel,
and baked at 70° C. for 1 hr. Subsequently, the PDMS channel
(45 cm long, 500 um with) was peeled off and coated with
polyvinylsilazane (HTT 1800, KiON Corp.) to form a pro-
tective film (~20 pm) on the PDMS from the organic solvent,
and stamped on the gold supported mesoporous silicate thin
film. The entire device with an inlet and an outlet was irradi-
ated under UV for 10 min, and baked at 150° C. for 4 hr.

Manufacture of Plain Microreactor:

About 5 g of PVCSZ (KiON VL20), 93 mg of AIBN and
462 mg of 4-diethylthiocarbamoyl-sulfanylmethyl-benzoic
acid (DTBA) and 3 ml of THF were placed in a Schlenk tube.
The tube was heated at 80° C. for 20 hr. Then, 20 mg of
N-ethylpiperidine hypophosphite was added and the resulting
mixture was stirred at room temperature for 12 hr, thus
obtaining a thiol end capped PVCSZ homopolymer.

The polymer was diluted with benzene/toluene, applied on
a silicon wafer using spin coating, and cured under UV light
for 30 min. The polymer-coated silicon wafer was immersed
ina 1 wt % metal precursor solution (HAuCl, (in ethanol)) for
1 hr, rinsed with water, reduced with a 1% hydrazine solution
and further rinsed with water. Then, a PDMS channel (45 cm
long, 500 um with) was manufactured and coated with poly-
vinylsilazane (HTT 1800, KiON Corp.) to form a protective
layer (~20 um) on the PDMS from the organic solvent, and
then stamped on a gold supported silicate thin film. The entire
device with an inlet and an outlet was irradiated under UV for
min, and baked at 150° C. for 4 hr.

Scheme 1.
Synthetic route of diblock copolymer PEO-ss-PVCSZ with disulfide link
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TABLE 1

Heterogeneous catalytic epoxidation of olefins in a fixed-bed
microreactor incorporated with Au metal in the mesoporous silicate

thin film, in comparison to bulk reaction and plain microreactor.

Bulk Re-
reaction ac- Plain Fixed Fixed bed
for6h tion microreactor microreactor microreactor®
% Yield Time % yield % yield % yield
Entry (selectivity)® (min) (selectivity)® (selectivity)® (selectivity)®
1 60(65:45) 2 40.4(70.30) 78.5(74:26) 75.5(75:25)
2 — 5 53.2(70:30)  80.9(75:25) 81.0(76:24)
3 — 10 64.3(72:28)  93.6(75:25) 92.0(75:25)

Reaction conditions: substrate (1 mmol), tert-BuOOH (2 mmol), toluene at: 80° C.
“Conversion and selectivity were determined by GCMS.

bl_:ixed bed microreactor was fabricated usuig thermal treated silicate thin filmat 250° C. in
air.

OH
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TABLE 2
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Hydrogenation of levulinic acid (LA) in a fixed-bed microreactor

incorporated with Au metal in the mesoporous silicate thin film,

in comparison to bulk reaction and plain microreactor.

Bulk Plain  Fixed bed
reaction micro- micro-
Temper- for6h Reaction reactor  reactor
Reac- ature (Yield, Time (Yield, (Yield,
Entry  tant °C) %) (min) %) %)
1 LA 80 50.0 5 70.7 88.0
7 75.8 96.8
2 LA 120 48.5 5 714 90.4
7 74.5 98.0
3 LA 140 46.0 5 69.6 95.0
7 78.7 98.6
Reaction conditions: Reactants (10 mmol), HCOOH (10 mmol), DMF solvent.
“Yield was determined by GCMS with n-dodecane as an internal standard.
Me Me
Ag
Ph—SiH ——> Ph—=Si—OH +
0,
Me 80° C. Me
Me Me
Ph—Si—O—=Si—Ph
Me Me
TABLE 3

Silver catalyzed selective oxidation of aromatic silane to silanol.

Plain Fixed
Reaction microreactor microreactor
Time % yield % yield
Entry (min) (selectivity)” (selectivity)”
1 2 80(99:1) 95(99:1)
2 5 85(99:1) 99(99:1)
Reaction conditions: substrate dimethylphenylsilane (I mmol),
“Conversion and selectivity were determined by GCMS.
O
=N —2 I
Ph—C=N 10,85 C c
20, .
> NH,

TABLE 4

Silver catalyzed selective hydration of aromatic nitrile to amide.

Plain Fixed
Reaction microreactor microreactor
Time % yield % yield
Entry (min) (selectivity)” (selectivity)”
1 3 81 92
2 7 85 99

Reaction conditions: substrate phenylnitrile (1 mmol),
“Conversion and selectivity were determined by GCMS.
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TABLE 5

Palladium catalyzed Suzuki coupling of Bromobenzene

Plain Fixed
Reaction microreactor microreactor
Time % yield % yield
Entry (min) (selectivity)* (selectivity)®
1 3 30 95
2 5 92 99

Reaction conditions: substrate (1 mmol), methanol as solvent.
“Conversion and selectivity were determined by GCMS.

The invention claimed is:

1. A method of manufacturing a ceramic thin film having
mesopores, comprising:

self-assembling a block copolymer including at least one

inorganic block which is linked with another block by a

disulfide bridge and is converted into a ceramic;
cleaving the disulfide bridge and removing a portion of the

block copolymer other than the inorganic block; and
converting the inorganic block into a ceramic phase.

2. The method of claim 1, wherein the inorganic block is
selected from the group consisting of a polycarbosilane
block, a polysilazane block, a polyborazine block, a polysils-
essiloxane block, an allylperhydropolycarbosilane block, a
polyvinylsilazane block, a polyvinylcyclicsilazane block,
polysilane (—(R,Si)n-), polysiloxane (—(R,SiO)n-), alumi-
num amide (—AINR-)n), and poly titanium imide (—Ti
(NR,)—), wherein R is C1~20 alkyl.

3. The method of claim 1, wherein the mesopores are
provided in a form of cylinders vertically aligned side by side.

4. The method of claim 1, wherein the block copolymer is
an organic-inorganic block copolymer linked by the disulfide
bridge.

5. The method of claim 1, wherein an organic-inorganic
block copolymer is polyethyleneoxide-polyvinyleyclicsila-
zane bridged by disulfide.

6. The method of any one of claims 1 to 5, wherein self-
assembling the block copolymer is performed using solvent
annealing.

7. The method of any one of claims 1 to 5, wherein con-
verting the inorganic block into the ceramic phase is per-
formed using hydrolysis.

8. The method of any one of claims 1 to 5, further com-
prising curing the inorganic block.

9. The method of any one of claims 1 to 5, wherein the
mesopores are impregnated with a metal to form a reactive
thin film.

10. The method of any one of claims 1 to 5, wherein the thin
film is formed on a conductive or non-conductive substrate.

11. A method of manufacturing a mesoporous thin film,
comprising:

self-assembling a block copolymer including at least one

inorganic block which is linked by a disulfide bridge and
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is converted into a ceramic and an organic block so that
vertical cylinders 2~50 nm thick are formed by the
organic block; and

cleaving the disulfide bridge to remove the organic block,
thus forming mesopores. 5
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